The pharmacokinetics of the tricarbonyl core radiopharmaceutical 99m Tc(CO) 3 -nitrilotriacetic acid ( 99m Tc(CO) 3 (NTA)) in rats and subjects with normal renal function are comparable to those of 131 I-o-iodohippuran ( 131 I-OIH), the radiopharmaceutical gold standard for the measurement of effective renal plasma flow. Our objective was to compare the pharmacokinetics of these 2 tracers in subjects with renal failure.
Conclusion-Results in patients with renal failure show the clearance and rate of urine excretion of 99m Tc(CO) 3 (NTA) to be equivalent to that of 131 I-OIH.
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Orthoiodohippuran labeled with 131 I ( 131 I-OIH) has been recognized as the radiopharmaceutical standard for the measurement of effective renal plasma flow (1) . 131 I-OIH is primarily extracted by the renal tubules and has excellent pharmacokinetic properties, with a clearance only slightly less than that of p-aminohippuran, but its use has been compromised by the suboptimal imaging characteristics of the 364-keV photon of 131 I and the delivery of relatively high radiation doses to kidneys and thyroid in patients with impaired renal function (1) (2) (3) . These limitations resulted in a search for a 99m Tc tracer with properties comparable to 131 I-OIH and led to the subsequent development and widespread use of 99m Tc-mercaptoacetyltriglycine ( 99m Tc-MAG3) (4, 5) , which is now used in an estimated 70%of all the renal scans in the United States.
Despite its widespread use, however, 99m Tc-MAG3 still has limitations. A small percentage of 99m Tc-MAG3 is eliminated via the hepatobiliary pathway; this percentage increases with reduced renal function, and gallbladder activity has been mistaken for activity in the kidney (6) (7) (8) (9) . In addition, the clearance of 99m Tc-MAG3 is only 50%-60% of that of 131 I-OIH (1, 5, 10, 11) ; this limitation has led some investigators to conclude that 99m Tc-MAG3 is not suitable for the measurement of effective renal plasma flow (10) . The reproducibility of the 99m Tc-MAG3 clearance based on plasma sample measurements has also been questioned. Kotzerke et al. presented data suggesting that 99m Tc-MAG3 clearance was not precise enough to evaluate a change in kidney function (12) , and Piepsz et al. have reported marked variations in repeated 99m Tc-MAG3 plasma clearance measurements and have warned that changes in the 99m Tc-MAG3 plasma clearance should be interpreted with caution (13) .
These limitations stimulated continuing efforts to develop a 99m Tc renal radiopharmaceutical with both reduced hepatobiliary excretion and superior pharmacokinetic properties that would allow a more accurate and precise measurement of effective renal plasma flow. For almost 20 y, these synthetic efforts exclusively used the {TcO} 3+ core with technetium in its +5 oxidation state, but more recently, synthetic efforts have shifted to take advantage of the 99m Tc water-stable organometallic tricarbonyl precursor, [ 99m Tc(CO) 3 (H 2 O) 3 ] + , with its fac-{ 99m Tc(CO) 3 } + core and 99m Tc in a +1 oxidation state (14) (15) (16) (17) (18) (19) . 99m Tc-tricarbonyl-nitrilotriacetic acid, 99m Tc(CO) 3 (NTA), is formed as a single species; it is a stable, dianionic complex at physiologic pH and has a dangling carboxylate group favoring tubular transport (17) . Initial studies in Sprague-Dawley rats and subjects with normal renal function demonstrated that 99m Tc(CO) 3 (NTA) has pharmacokinetic properties comparable to those of 131 I-OIH (17, 18) ; however, results in subjects with normal renal function do not necessarily predict the pharmacokinetics in patients with renal failure. A decreased renal function impairs the excretion of the renal tracer 99m Tc-CO 2 -DADS (DADS = N,N′-bis (mercaptoacetyl)-2,3-diaminopropanoate) to a greater extent than that of 131 I-OIH (9, 20) , and 99m Tc-MAG3 demonstrates increased biliary and intestinal activity in rats and patients with renal failure, compared with healthy controls (9, 20, 21) . This study was initiated to determine the effect of chronic kidney disease on the relative pharmacokinetic properties of 99m Tc(CO) 3 (NTA) and 131 I-OIH. , and the flow rate was 1 mL/min. The gradient method was the same as reported previously (16) . Urine, plasma, and red blood cell radioactivity were measured with a γcounter (Packard Cobra II γ-Counter; Perkin Elmer) with correction for 131 I scatter into the 99m Tc window.
MATERIALS AND METHODS

General
Radiosynthesis of 99m Tc(CO) 3 (NTA) and 131 I-OIH
The NTA ligand was labeled as previously described (17, 22) . Briefly, 0.5 mL of a freshly prepared solution of the [ 99m Tc (CO) 3 (H 2 O) 3 ] + precursor (pH ~7-8) was added to a vial containing approximately 1.0 mg of the NTA ligand in 0.2 mL of water. The pH of the solution was adjusted to approximately 7 with 1 M NaOH, heated at 70°C for 15 min, and cooled to room temperature, yielding the dianion fac-[ 99m Tc(CO) 3 (NTA)] 2-, which we describe as 99m Tc (CO) 3 (NTA). 99m Tc(CO) 3 (NTA) was separated from unlabeled ligand by HPLC; the radiochemical purity was greater than 99%. Ethanol was partially removed by N 2 gas, and the collected solution of 99m Tc(CO) 3 (NTA) was buffered in physiologic phosphatebuffered saline at pH 7.4. The HPLC-purified complex in phosphate-buffered saline (pH 7.4) was passed through a Sep-Pak Plus C 18 cartridge (Waters Co.) (primed with 4 mL of ethanol) and sterile Millex-GS 22-µm filter (Millipore Co.) (primed with 4 mL of saline) into a sterile, pyrogen-free empty vial. The final concentration was 37 MBq/mL (1 mCi/ mL), and the final pH was 7.4. Test samples were sent for analysis and determined to be sterile and pyrogen-free. 131 I-OIH was prepared by the isotope-exchange reaction between nonradioactive hippuran (OIH) and radioactive sodium iodide (Na 131 I) according to the method reported by Anghileri (23) and modified as previously described (17) . 131 I-OIH was obtained with a 98%-99% labeling yield.
Patient Studies
All studies were performed with the approval of the Radioactive Drug Research Committee and the Emory University Institutional Review Board; signed consent was obtained from each subject. The study population consisted of 8 subjects (5 men, 3 women; mean age, 64.3 ± 10 y) initially diagnosed with stage 3-4 chronic kidney disease. In addition to chronic kidney disease, 8 of the subjects were diagnosed with hypertension: 5 with type 2 diabetes, 4 with coronary artery disease, 3 with gout, and 3 with hyperlipidemia or hypercholesterolemia. The glomerular filtration rate (GFR in mL/min/1.73 m 2 ) was determined for each patient using the Modification of Diet in Renal Disease (MDRD) formula and the most recently available serum creatinine measurement (24) . Pregnancy was excluded by means of a urine pregnancy test. Each patient was monitored during the study, and measurements of blood pressure, heart rate, and temperature were obtained before and after injection for each subject. After the coinjection of approximately 74 MBq (~2 mCi) of 99m Tc(CO) 3 (NTA) and approximately 11.1 MBq (300 µCi) of 131 I-OIH, imaging was performed for 24 min using an Infinia camera (GE Healthcare) with a 9.5-mm (3/8-in) crystal fitted with a high-energy collimator; a 20% window was centered over the 365-keV photopeak of 131 I, and a second 20% window was centered over the 140-keV photopeak of 99m Tc. At the conclusion of the 24-min acquisition, a postvoid image of the kidneys and an anterior image over the gallbladder and abdomen were obtained. Data were acquired in a 128 × 128 matrix using a 3-phase dynamic acquisition and processed on a Xeleris computer (GE Healthcare) with an extensive in-house upgrade of the original QuantEM renal software (GE Healthcare). Renogram curves were generated using cortical (parenchymal) and wholekidney regions of interest (ROIs). Blood samples were obtained at 3, 5, 10, 20, 30, 45, 60, 90, 120, and 180 min after injection, and plasma clearances for 131 I-OIH and 99m Tc(CO) 3 (NTA) were determined using the single-injection, 2-compartment model of Sapirstein et al. (25) . The volunteers voided at 30 and 180 min after injection to determine the percentage dose in the urine. Plasma protein binding (PPB) was determined by ultracentrifugation (Centrifree micropartition system; Amicon Inc.) of 1 mL of plasma: PPB = (1.0 − [ultrafiltrate concentration/plasma concentration]) × 100. The percentage uptake in the erythrocytes was calculated from the whole blood (counts/g) and packed cells (counts/g) using the following equation: [(counts/g in erythrocytes × hematocrit)/counts/g in whole blood]. No correction was made for plasma trapped in the red blood cell sample. PPB and erythrocyte uptake were calculated using duplicate samples, and the mean values were reported.
Statistical Analysis
All results are expressed as the mean ± SD. To determine the statistical significance of differences between the 2 groups, comparisons were made with the 2-tailed Student t test for paired data; a P value of less than 0.05 was considered to be statistically significant.
RESULTS
The plasma clearance of 99m Tc(CO) 3 (NTA) averaged 177 ± 63 (SD) mL/min/1.73 m 2 , compared with 171 ± 66 mL/min/1.73 m 2 for 131 I-OIH ( Fig. 1 ; Table 1 ). The PPB of 99m Tc(CO) 3 (NTA), 35% ± 7%, was significantly less than that of 131 I-OIH, 71% ± 5% (P < 0.001); similarly, red cell uptake for 99m Tc(CO) 3 (NTA), 6% ± 3%, was also significantly less than that of 131 I-OIH, 16% ± 2% (P < 0.001) ( Fig. 1; Table 1 ). There was no significant difference in the urine excretion of 99m Tc(CO) 3 (NTA) and 131 I-OIH at 30 or 180 min (P = 0.24 and 0.82, respectively) ( Fig. 2 ; Table 2 ).
The image quality of 99m Tc(CO) 3 (NTA) was superior to that of 131 I-OIH. A representative study is illustrated in Figure 3 . There was no significant difference in relative uptake (55.3% ± 9.0% for 99m Tc(CO) 3 (NTA) in the left kidney, compared with 55.5% ± 8.1% for 131 I-OIH; P = 0.79). Although the renogram curves for 99m Tc(CO) 3 (NTA) and 131 I-OIH were comparable, the 131 I-OIH renograms curves were quite noisy and measurements of time to peak and 20-min-to-maximum ratios for whole-kidney and cortical ROIs were not obtained. Finally, no gallbladder or intestinal activity was identified on the anterior images obtained at 30 min over the gallbladder and abdomen for any of the subjects.
DISCUSSION
The plasma clearance of 99m Tc(CO) 3 (NTA) was the same as that of 131 I-OIH in healthy volunteers (18) , and identical results were obtained in subjects with chronic kidney disease; renal failure did not diminish the clearance of 99m Tc (CO) 3 (NTA) out of proportion to 131 I-OIH as has been described with previous tracers (20) . In addition, no 99m Tc(CO) 3 (NTA) activity was identified in the gallbladder or intestine on anterior images obtained approximately 30 min after injection. This result is in contrast to 99m Tc-MAG3, where renal failure can result in hepatobiliary excretion (6) (7) (8) (9) . The 99m Tc(I)(CO) 3 (NTA) complex is significantly smaller than the 99m Tc(V)O-MAG3 complex, and its smaller 3-dimensional configuration appears to have less affinity for the hepatobiliary transport system than the larger 3-dimensional configuration of the 99m Tc(V)O-MAG3 complex. The renal extraction fraction of 99m Tc(CO) 3 (NTA) was not directly measured, but it can be inferred to be higher than the 40%-60% extraction fraction of 99m Tc-MAG3 because 99m Tc(CO) 3 (NTA) has a more rapid clearance. For comparison, the extraction fraction of 99m Tcdiethyltriaminepentaacetic acid ( 99m Tc-DTPA) is approximately 20% (1).
The clearance of 99m Tc-MAG3 is proportional to the GFR (26), and the same relationship is likely to apply for 99m Tc(CO) 3 (NTA). Interestingly, both the 99m Tc(CO) 3 (NTA) and the 131 I-OIH clearances of subject 3 (295 and 297 mL/min/1.73 m 2 , respectively) seem unexpectedly high given the subject's relatively low MDRD GFR of 39 mL/min/1.73 m 2 ( Table 1 ). The explanation for this higher clearance may be due to the fact that this particular female subject had type 2 diabetes and was quite obese (109 kg); compared with isotopic clearance methods, the MDRD equation significantly underestimates the GFR in obese individuals with type 2 diabetes (27) . Conversely, the MDRD GFR of subject 4 (67 mL/min/1.73 m 2 ) is higher than might be expected given the 99m Tc(CO) 3 (NTA) and 131 I-OIH clearances of 159 and 158 mL/min/1.73 m 2 , respectively. This particular subject was thin, was 74 y of age, and probably had sarcopenia; the decreased muscle mass likely resulted in a lower serum creatinine, leading to an overestimation of the true GFR by the MRDR equation.
The results also confirm our initial observations that 99m Tc (CO) 3 (NTA) has lower protein binding and red cell binding than does 131 I-OIH (18) . Lower protein binding may increase the extraction fraction because unbound tracer can be filtered by the glomerulus and extracted by the tubules. In addition, the reduction in red cell binding is an advantage in obtaining an accurate measure of extraction fraction; the extraction fraction is based on the difference in the plasma concentration of the tracer in arterial and renal venous blood. The tracer bound to red cells is in equilibrium with the plasma; when a renal vein blood sample is obtained, tracer associated with the red cells reequilibrates with the plasma before the plasma can be separated from the red cells and results in an overestimation of the plasma tracer concentration.
The difference in the relative height of the cortical curves in Figure 3 is due to the differences in the size of the relative cortical ROIs. The function of the cortical curve is to display the transit time through the cortex without contaminating the curve because of retained activity in the collecting system; the cortical (parenchymal) ROIs are not drawn to have equal areas but to exclude the renal pelvis (28) . In general, a cortical ROI with a larger area will have more counts than a contralateral cortical ROI with a smaller area; consequently, the renogram curve with the larger cortical ROI will have a greater maximum. It is the shape of the cortical renogram curve that is important, not the absolute height.
NTA is widely present in drinking water, primarily as metal complexes rather than a free acid (29) (30) (31) (32) , and has been shown to have a good safety profile. On the basis of the available studies, Health Canada has determined the maximum acceptable level of NTA in drinking water to be 0.4 mg/L (30) . The kinetics and metabolism of the NTA ligand have been investigated in several species, including humans (29) (30) (31) (32) ; in our studies, no free NTA ligand was injected because the ligand was separated from the 99m Tc(CO) 3 (NTA) complex by HPLC before injection. Free NTA ligand would undoubtedly be injected in a kit formulation, but the injected dose of NTA would probably still be below the daily acceptable limit established by Health Canada. In our studies, the administered dose of the 99m Tc(CO) 3 (NTA) complex was extremely small and did not exceed 0.03 µg, an amount far below the acceptable level in a liter of drinking water. In our previous study of subjects with normal renal function, we found no evidence of toxicity or pharmacologic effect based on patient monitoring, vital signs, urine analysis, complete blood count, and chemistry panels obtained before and after 99m Tc(CO) 3 (NTA) administration (18) , and there was no evidence of any effect in this study based on the monitoring of vital signs and the subjects' responses before and after injection.
The 131 I-OIH renogram curves are too noisy to calculate reliable time-to-peak measurements and 20-min-to-maximum count ratios for whole-kidney results. First, the subjects received only approximately 11.1 MBq (300 µCi) of 131 I-OIH; even though this is the standard imaging dose for 131 I-OIH renal scans, it is considerably less than the 74-MBq (~2-mCi) administered amount of 99m Tc(CO) 3 (NTA). Second, all the subjects had reduced renal function, with a mean 131 I-OIH plasma clearance of 198 mL/min (171 mL/min/1.73 m 2 ), compared with the normal 131 I-OIH clearance of 472-530 mL/min (5, 18) . The fact that renal function was reduced by approximately 60% substantially reduced the counting rate in the renal and parenchymal ROIs. Even so, 131 I-OIH studies performed in the 1980s provided renogram curves with sufficient counts after the administration of 11.1 MBq (300 µCi) of 131 I-OIH, even in patients with reduced renal function (33) . Zuckier et al. made an observation similar to ours in a 1987 paper and demonstrated that the net counting rate for 131 I on their newer camera was only 27% of the counting rate on their older camera (34) . The older camera had a thicker 12.7-mm (1/2-in) crystal, compared with the 9.5-mm (3/8-in) crystal on the newer camera; in addition, the photon energy for 131 I fell into the mid range of the high-energy collimator specification for the older camera whereas it fell at the extreme of the resolving capacity of the collimator of the newer camera (34) .
In addition to the problems of acquiring low-count 131 I images on current γ-cameras, another potential source of error is the clearance measurement, which depends on accurately timed plasma samples and plasma volumes. Because both tracers were injected simultaneously, any error in timing or measurement of the sample volume would be contained in both datasets. Another possible criticism is the relatively small sample size. Even with a sample size of 8 subjects, the data show that the plasma clearance and urinary excretion of 131 I-OIH and 99m Tc(CO) 3 (NTA) are equivalent. A larger sample size would result in tighter confidence intervals but would be highly unlikely to change the conclusion.
An obvious question is how will 99m Tc(CO) 3 (NTA) compare to 99m Tc-MAG3? There was no direct comparison in this study, but several conclusions can be inferred on the basis of available data. The plasma clearance of 99m Tc(CO) 3 (NTA) will be more rapid than that of 99m Tc-MAG3. This conclusion is based on 2 observations: first, the ratio of 99m Tc-MAG3 to 131 I-OIH plasma clearance is approximately 50%-60% whereas the ratio of 99m Tc(CO) 3 (NTA) to 131 I-OIH is approximately 100% (1, 5, 10, 11, 18) . Second, using software designed to measure the camera-based clearance for 99m Tc-MAG3 based on the percentage of the injected dose accumulated in the kidney from 1 to 2.5 min after injection (35) , 99m Tc (CO) 3 (NTA) had a significantly higher camera-based clearance in healthy subjects than did 99m Tc-MAG3, 456 ± 130 mL/min/1.73 m 2 versus 321 ± 69 mL/min/1.73 m 2 , respectively (18, 35, 36) . The fact that 99m Tc(CO) 3 (NTA) is cleared from the plasma and accumulates in the kidney more rapidly than 99m Tc-MAG3 should lead to more robust camera clearance measurements because background correction is a source of error in camera-based clearance methods, and the higher kidney-to-background ratio obtained with 99m Tc(CO) 3 (NTA) will minimize the background correction error, particularly in patients with reduced renal function. The same factors may improve the image quality of kidneys with reduced function. Moreover, the fact that the clearance of 99m Tc(CO) 3 (NTA) is equivalent to that of 131 I-OIH will allow a much more direct measurement of effective renal plasma flow. Finally, 99m Tc-MAG3 is recognized as being superior to 99m Tc-DTPA for the diagnosis of obstruction, particularly in patients with reduced renal function (37-40); the superiority of 99m Tc-MAG3 over 99m Tc-DTPA is because 99m Tc-MAG3 is cleared much more rapidly than 99m Tc-DTPA. Whether the more rapid clearance of 99m Tc(CO) 3 (NTA), compared with 99m Tc-MAG3, will lead to an improved diagnostic performance in patients with suspected obstruction remains to be answered and will require carefully controlled studies.
CONCLUSION
99m Tc(CO) 3 (NTA) is cleared from the blood and excreted in the urine as rapidly as 131 I-OIH in subjects with chronic kidney disease; moreover, no activity was noted in the gallbladder or intestines. Previous studies have shown that 99m Tc(CO) 3 (NTA) is a stable dianionic complex that is formed as a single species and is amenable to kit formulation. 99m Tc(CO) 3 (NTA) has the advantages of a lower protein binding than 131 I-OIH and less activity associated with red cells. These results suggest that 99m Tc (CO) 3 (NTA) will prove to be a superior 99m Tc renal tubular imaging agent and a superior 99m Tc tracer for the measurement of effective renal plasma flow. Bar graphs comparing urine excretion of 99m Tc(CO) 3 (NTA) and 131 I-OIH at 30 and 180 min in 8 subjects with chronic kidney disease. %ID = percentage injected dose. 
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